Metabolic inflammation in the central nervous system might be causative for the development of overnutritioninduced metabolic syndrome and related disorders, such as obesity, leptin and insulin resistance, and type 2 diabetes. Here we investigated whether nutritive and genetic inhibition of the central IkB kinase b (IKKb)/nuclear factor-kB (NF-kB) pathway in diet-induced obese (DIO) and leptin-deficient mice improves these metabolic impairments. A known prominent inhibitor of IKKb/NF-kB signaling is the dietary flavonoid butein. We initially determined that oral, intraperitoneal, and intracerebroventricular administration of this flavonoid improved glucose tolerance and hypothalamic insulin signaling. The dosedependent glucose-lowering capacity was profound regardless of whether obesity was caused by leptin deficiency or high-fat diet (HFD). To confirm the apparent central role of IKKb/NF-kB signaling in the control of glucose and energy homeostasis, we genetically inhibited this pathway in neurons of the arcuate nucleus, one key center for control of energy homeostasis, via specific adeno-associated virus serotype 2-mediated overexpression of IkBa, which inhibits NF-kB nuclear translocation. This treatment attenuated HFD-induced body weight gain, body fat mass accumulation, increased energy expenditure, and reduced arcuate suppressor of cytokine signaling 3 expression, indicative for enhanced leptin signaling. These results reinforce a specific role of central proinflammatory IKKb/NF-kB signaling in the development and potential treatment of DIO-induced comorbidities.
Obesity, as a consequence of overnutrition, reflects a high risk factor for the development of insulin resistance and ultimately type 2 diabetes (1,2). The hypothalamus represents a main insulin target tissue for regulating body weight and glucose metabolism (3) (4) (5) (6) (7) (8) (9) . De Souza et al. (10) proposed that inflammatory alterations occur in the hypothalamus of rodents fed a high-fat diet (HFD). Subsequently, it has been established that diet-induced obesity (DIO) in rodents is associated with upregulation of proinflammatory pathways in the hypothalamus, involving activation of signaling intermediates such as c-Jun NH 2 -terminal kinase (JNK) and IkB kinase b (IKKb)/nuclear factor-kB (NF-kB) (10) (11) (12) (13) (14) . In particular, Zhang et al. (14) established that the upregulation of the IKKb/NF-kB pathway in the hypothalamus induced by an HFD was causative for the development of obesity. Specific activation of this pathway in the mediobasal hypothalamus aggravated some obesity parameters and impaired leptin and insulin signaling, whereas suppression of this pathway in the hypothalamus protected against DIO (14) . Accumulating evidence suggests that HFD induces metabolic inflammation in the central nervous system, particularly in the hypothalamus, leading to the development of overnutrition-induced metabolic syndrome and related disorders such as obesity, leptin, and insulin resistance (10, (13) (14) (15) (16) (17) .
The IKKb/NF-kB pathway, as a proinflammatory pathway, plays a pivotal role in classical immune response (18) . In the unstimulated state, NF-kB remains in the cytoplasm in an inactive form and is bound to the inhibitory binding protein IkBa. A broad range of immune stimuli can activate the upstream kinase IKKb, leading to IkBa phosphorylation (at Ser 32 and Ser
36
) and degradation and subsequently to the release of NF-kB. Activated NF-kB enters the nucleus to induce transcription of target genes that mediate diverse cellular processes such as immunity, inflammation, proliferation, and apoptosis (19) . Inhibition of IKKb/NF-kB signaling in the mediobasal hypothalamus, via viral overexpression of IkBa, inhibited endoplasmic reticulum stress-induced glucose intolerance as well as systemic and hepatic insulin resistance (20) . A recent study suggests that the hypothalamic transforming growth factor-b, which is excessively produced under conditions of obesity, accompanied by hyperglycemia and glucose intolerance, leads to accelerated mRNA decay of IkBa (21) . These data suggest that anti-inflammation approaches may be beneficial in treating the impaired glucose tolerance caused by overnutrition. Secondary metabolites of herbs and spices are well known to act as antioxidants, to reduce proinflammatory cytokines, and to suppress inflammation (22) and are often used in traditional Chinese medicine. The flavonoid butein (3,4,29,49-tetrahydroxychalcone) , which is found in plants such as Caragana jubata and Rhus verniciflua, inhibits NF-kB signaling by direct blockade of the upstream kinase IKKb (23) and reduces adipocyte inflammation in vitro (24) .
In the current study, we tested whether the IKKb inhibitor butein could act in the brain to improve glucose or energy metabolism. For comparison, we examined whether adeno-associated virus serotype 2 (AAV2)-mediated inhibition of IKKb/NF-kB signaling by overexpression of IkBa in the brain improves glucose and energy metabolism during obesity. Furthermore, the effects of IKKb/NF-kB manipulation on hypothalamic insulin signaling and glucose and energy metabolism were explored. We first established that inhibition of IKKb/NF-kB signaling via enteral or intracerebroventricular butein administration reveals potent glucose-lowering properties independent of whether obesity was caused by leptin deficiency or high-fat feeding. These effects were associated with improved insulin signaling involving the insulin receptor substrate (IRS) phosphatidylinositol 3-kinase (PI3K) pathway in the arcuate nucleus (ARC), one key brain region required for the control of glucose and energy homeostasis (5, 25, 26) . In addition, the improved hypothalamic insulin signaling in response to chronic butein treatment was also reflected in beneficial effects on whole-body glucose homeostasis. To specifically inhibit downstream IKKb/NF-kB signaling, an AAV2 construct allowing overexpression of IkBa was generated that was specifically injected into the parenchyma of the ARC. Moreover, the inhibitory serine phosphorylation sites of IkBa were replaced by alanine (IkBa mutant [IkBa-mt; serine 32 to alanine and serine 36 to alanine]), hindering nuclear translocation of NF-kB and therefore inhibiting downstream signaling events. Corroborating the essential role of central IKKb/NF-kB signaling in the control of glucose and energy homeostasis, this treatment attenuated HFD-induced metabolic impairments.
RESEARCH DESIGN AND METHODS
Procedures involving animals were performed in accordance with national animal ethics legislation and received approval by the respective authorities for animal ethics. All experiments used male mice (C57BL/6J) and were purchased from Janvier (Le Genest-Saint-Isle, France). The animals were 7 weeks of age at the time of ARCdirected AAV2-IkBa-mt administration and housed individually under standard conditions with a light/dark cycle of 12 h. The ambient temperature for mice was 23°C. All animals had access to standard chow diet (cat. no. V1534, ssniff), low-fat diet (LFD), or HFD (containing 10 or 60% fat, respectively; cat. no. D12450B and D12492; Research Diets), as defined in the text, and water ad libitum. For central administration of drugs, cannulae were stereotaxically implanted into the left lateral ventricle as described previously (26) .
Stereotaxic Injections
Intracerebral injections were performed under isoflurane anesthesia as described previously (26) . Stereotaxic coordinates to reach the hypothalamic ARC are 1.5 mm posterior, 60.3 mm lateral, and 6.1 mm ventral relative to bregma. AAV2 particles, containing 4 3 10 10 vector genomes, were injected into the ARC using a 0.5 mL Hamilton glass syringe for 2 min. The injection needle remained in place at each injection site for an additional 5 min to allow for diffusion and prevent backflow. The incision was sutured and the animals were placed under a heating lamp to recover from the surgery.
Immunohistochemistry
In a first approach, we confirmed that butein inhibits hypothalamic IKKb/NF-kB signaling in our experimental paradigm in vivo. Therefore, we analyzed the number of phospho-IkBa (Ser 32 ) immunoreactive cells after butein treatment relative to vehicle. Mice were fed an HFD for 3 weeks, fasted for 16 h, and divided into weight-matched groups. Butein was administered intracerebroventricularly (5 nmol in 1 mL artificial cerebral spinal fluid [aCSF]/5% DMSO) to one group of mice (n = 6), whereas the second group received an intracerebroventricular vehicle injection (aCSF/5% DMSO, n = 6) 30 min before terminal anesthesia and transcardial perfusion. Immunohistochemistry was carried out on mouse brain coronal cryosections as described previously (26, 27) , using an anti-phospho-IkBa (Ser 32 ) antibody (cat. no. 2859; Cell Signaling Technology).
To identify a possible interaction between butein and central insulin signaling, we investigated the phosphorylation of AKT in the ARC after butein treatment. Therefore, leptin-deficient (Lep ob/ob ) mice were fasted for 16 h and received intracerebroventricularly either butein (5 nmol in 1 mL aCSF/5% DMSO) or vehicle (1 mL aCSF/5% DMSO) 30 min before transcardial perfusion (n = 7/group). Immunohistochemistry was performed as described above, using an anti-phospho-AKT Ser 473 antibody (cat. no. 4058; Cell Signaling Technology).
Glucose and Insulin Tolerance Tests
We analyzed whether the flavonoid butein (0.08, 0.8, or 8 mg/kg body weight in PBS containing 5% ethanol) is able to improve glucose tolerance. Therefore, 8-week-old Lep ob/ob mice were fasted for 16 h and received butein orally. Sixty minutes later, glucose (1.0 g/kg body weight) was intraperitoneally injected and a glucose tolerance test (GTT) was performed (n = 8/group). To determine the blood glucose levels, the vena facialis was repeatedly punctured and glucose concentrations were measured using a commercially available glucometer (Accu-Chek Performa; Roche). For statistical validation, the area under the curve (AUC) was calculated.
We next determined whether the effect of butein on glucose homeostasis was mediated via a central mechanism. Therefore, Lep ob/ob mice were fasted for 16 h and butein (5 nmol in 1 mL aCSF/5% DMSO) was intracerebroventricularly injected 30 min before glucose injection followed by an intraperitoneal GTT (IPGTT) as described above (n = 8/group). To assess whether potential effects of butein on glucose tolerance persist after chronic treatment, a group of Lep ob/ob mice received a daily intraperitoneal injection of butein (1 mg/kg body weight in PBS containing 5% ethanol) or vehicle (PBS containing 5% ethanol) for 7 days. During this time, food intake and body weight were monitored, and on the final day, an IPGTT was performed as described above (n = 10-11/group) (Supplementary Fig. 1 ).
We then investigated whether central administration of butein also improves glucose tolerance in DIO, glucoseintolerant mice. Mice were fed an HFD or respective LFD for 3 weeks, fasted for 16 h, and weight matched. Butein was administered intracerebroventricularly (5 nmol in 1 mL aCSF/5% DMSO) to one group of mice on HFD (n = 6), whereas the second group received an intracerebroventricular vehicle injection (aCSF/5% DMSO). The cohort on the LFD received vehicle intracerebroventricularly (aCSF/5% DMSO, n = 5-7/group) 30 min prior to the IPGTT.
We next determined whether the observed effects on glucose homeostasis were mediated via the IRS-PI3K pathway in the brain. To determine whether the antidiabetic properties of butein depend on intact insulin signaling in the brain, three groups of Lep ob/ob mice were fasted for 16 h and received two intracerebroventricular injections (1 mL each) 30 min apart. The first group received vehicle (5% DMSO/ aCSF) followed by butein (5 nmol in 5% DMSO/aCSF). The second group received isoform-specific PI3K inhibitors (0.1 nmol in 5% DMSO/aCSF, PIK75/TGX221; both isoforms are required for insulin signaling in the CNS [27] ) followed by butein (5 nmol in 5% DMSO/aCSF). The third group received two vehicle injections, and an IPGTT was performed as described above (n = 10/group).
We investigated whether overexpression of hypothalamic IkBa-mt might improve glucose tolerance. Therefore, after 5 weeks of HFD, mice were fasted for 16 h and received intraperitoneal glucose (1.5 g glucose/kg body weight), and an IPGTT was performed as described above. To determine whether IkBa-mt overexpression affects insulin sensitivity, an insulin tolerance test (ITT) was performed. After 7 weeks on HFD, mice were fasted for 16 h and received 27 USP units insulin/kg body weight intraperitoneally before the ITT was performed, and blood glucose values were analyzed as described above.
Recombinant AAV Vector Generation and Virus Production
The cDNA for IkBa-mt (serine 32 to alanine and serine 36 to alanine) was subcloned from the eukaryotic expression vector pBabe-GFP-IkB-a-mut (super repressor, 15264; Addgene) into an AAV2-hSyn-EGFP-WPRE (WHV [woodchuck hepatitis virus] posttranscriptional regulatory element) vector (28) . IkBa-mt cDNA was amplified from the plasmid by PCR (phusion DNA polymerase) using the forward 59-TTTAGCTAGCCCTCACTCCTTCTC-39 and reverse 59-CAGTGTACACCACTGTGCTGGC-39 primers. These primers contain suitable Nhe1 and BsrG1 restriction sites for cloning into the AAV construct. The amplified PCR product was first cloned into the pGemT easy cloning vector. The IkBa-mt cDNA fragment from the pGemT easy vector was subcloned into Nhe1 and BsrG1 sites of AAV2-hSyn-EGFP-WPRE by replacing EGFP cDNA to obtain AAV2-hSyn-IkBa-mt-WPRE. In this vector system, the expression of IkBa-mt is under the control of the human synapsin-1 promoter to restrict the expression to neurons, and WPRE facilitates long-term expression of the transgene. All molecular cloning procedures were performed in SURE2 bacterial cells to minimize the recombination events. Virus transfection and production was performed as described previously (29) . The ability of AAV2 vectors to drive neuronal expression of a transgene was validated by infecting differentiated Lund human mesencephalic (LUHMES) (human postmitotic dopaminergic neurons) cells (P # 0.001) (Supplementary Fig.  2A and B). Successful overexpression of IkBa-mt in the ARC was validated by in situ hybridization and revealed an 80% increase of IkBa expression in the ARC (P # 0.001) ( Supplementary Fig. 2C ).
Cell Culture
Differentiated LUHMES cells (30) were used to investigate the expression of neuronal-specific AAV2-hSyn-IkBa mutant virus. LUHMES cells were proliferated on flasks (Nunclon Delta surface) coated with 0.1 mg/mL poly-L-lysine (SigmaAldrich) overnight at 4°C. For the experiments, 0.6 million cells were seeded on six-well plates coated with 0.1 mg/mL poly-L-lysine overnight and washed three times with sterile water followed by coating with 5 mg/mL fibronectin (Sigma-Aldrich) overnight in the incubator (37°C, 5% CO 2 ). Twenty-four hours after plating, the medium was exchanged with differentiation medium (DMEM/F12 with 1% N2-supplement, 1 mg/mL tetracycline, 0.49 mg/mL dibutyryl cAMP [Sigma-Aldrich], and 2 ng/mL glial cell line-derived neurotrophic factor [R&D Systems]). Four days after differentiation, the medium was exchanged and infected with AAV2-EGFP as control and AAV2-hSyn-IkBa mutant viruses at a concentration of 10 10 genomic units/mL. After 5 days of infection, the cells were lysed and the total protein was used to investigate the IkBa expression by Western blot.
Metabolic Measurement
We measured the effect of the AAV2-IkBa-mt on metabolic rate. Accordingly, carbon dioxide production and oxygen consumption were measured in metabolic cages (;5 L volume) that were connected to an open circuit respirometry system. Measurements were taken continuously for 24 h with a constant ambient temperature of 23°C. The airflow in the cage was adjusted to ;42 L/h and continuously monitored. The procedure has been described in detail previously (31) .
In Situ Hybridization
To determine the mRNA expression of IkBa and suppressor of cytokine signaling 3 (SOCS-3) in the ARC, we performed in situ hybridization on coronal brain sections. As previously described (32), forebrain sections (16 mm) were collected throughout the extent of the ARC on to a set of 12 slides, with 12 sections mounted on each slide. Accordingly, the slides spanned the hypothalamic region approximating from 22.8 to 20.4 mm relative to bregma according to the atlas of the mouse brain (33) . In situ hybridizations and analysis were performed as described previously (32) .
Body Composition
To analyze body composition, mice were anesthetized with isoflurane (CP-Pharma) and were analyzed via DEXA scan (Lunar PIXImus Densitometer; GE Medical Systems).
Statistics
The data were analyzed by one-way ANOVA followed by a Holm-Šidák comparison test, as appropriate, using SigmaStat statistical software (Jandel). Where data failed equal variance or normality tests, they were analyzed by one-way ANOVA on ranks followed by Dunn multiple comparison test. The body weight data were analyzed by repeatedmeasures two-way ANOVA. The results are presented as means 6 SEM, and differences were considered significant if P # 0.05.
RESULTS
The Flavonoid Butein Inhibits Central NF-kB Signaling and Improves Glucose Homeostasis
In the first experiment, we investigated whether butein inhibits IKKb/NF-kB signaling in vivo. The potential of butein to inhibit IKKb/NF-kB signaling is based on a direct interaction of butein with a cysteine residue in the activation loop of IKKb (23) (Fig. 1) .
Hypothalamic NF-kB signaling is associated with obesity and the impairment of insulin and leptin signaling (13) (14) (15) (16) (17) . As an initial approach, we tested whether nutritional inhibition of the IKKb/NF-kB pathway by butein affects glucose homeostasis. Butein dose-dependently improved glucose tolerance in glucose-intolerant, Lep ob/ob mice as revealed by the IPGTT 60 min after oral administration. The two lower doses (0.08 mg/kg and 0.8 mg/kg) revealed a trend toward improved glucose tolerance compared with the vehicle-treated group, whereas the higher dose (8 mg/kg) significantly improved glucose tolerance in these mice relative to vehicle-treated controls (n = 8 animals/ group, P = 0.009) ( Fig. 2A) . After this initial characterization, we sought to determine whether the effect of butein on glucose homeostasis was mediated through a central mechanism. Therefore, Lep ob/ob mice received intracerebroventricular butein (5 nmol) 30 min prior to glucose and an IPGTT was performed. Indeed, acute intracerebroventricular administration of butein also improved glucose tolerance in Lep ob/ob mice compared with the Lep ob/ob vehicle-treated group (n = 8/group, P = 0.007) (Fig. 2B) .
Having established that butein acutely improved glucose tolerance, we investigated whether this effect persisted after chronic treatment. Daily intraperitoneal injections of butein (1 mg/kg body weight) for 7 days did not affect food intake or body weight (Supplementary Fig. 1 ). However, basal blood glucose levels (butein 147.9 6 7.9 mg/dL vs. Mice received a daily intraperitoneal (ip) injection of butein (1 mg/kg body weight in PBS containing 5% ethanol) or vehicle (PBS containing 5% ethanol) for 7 days and an IPGTT (1 g glucose/kg body weight) was performed at day 7 (n = 10-11/group, P = 0.045). D: Butein was administered centrally to DIO mice before an IPGTT was performed using the protocol shown in B. The flavonoid improved glucose tolerance in wild-type mice fed an HFD for 3 weeks (black circles) relative to vehicletreated controls (gray circles). This treatment improved glucose tolerance so profoundly that it was no longer different to mice on LFD (open circles, n = 5-7/group). Data show means 6 SEM. *P # 0.05; **P # 0.01; ***P # 0.001.
vehicle 177.0 6 6.0 mg/dL; P = 0.014) and glucose tolerance were significantly improved in mice that received chronic butein treatment relative to controls (P = 0.045) (Fig. 2C) .
To verify that the glucose-lowering capacity of butein is not restricted to Lep ob/ob mice, we assessed its effect on glucose homeostasis in DIO mice. Intracerebroventricular injection of butein (5 nmol) 30 min prior to the IPGTT improved glucose tolerance significantly relative to the vehicle-treated group on the same diet (P = 0.008) so profoundly that no difference could be detected to the vehicle-treated cohort on the LFD group (n = 5-7/group) (Fig. 2D) .
Since the above data suggest that butein acts at least in part through central mechanisms, we investigated whether the glucose-lowering properties of butein are mediated through interaction with hypothalamic insulin signaling. The number of cells positive for phospho-AKT (Ser 473 ) as a marker for PI3K activation (26) was strikingly increased in the ARC after central administration of butein (5 nmol in 1 mL aCSF/5% DMSO) by 66% relative to vehicle-treated (1 mL aCSF/5% DMSO) Lep ob/ob mice (P = 0.003, n = 7/group) (Fig. 3A) .
To determine whether the central PI3K pathway is required for butein to display its antidiabetic properties, we determined whether the effect was blocked by pharmacological inhibition of PI3K. Intracerebroventricular injection of selective inhibitors of the PI3K catalytic subunits, p110a and p110b (PIK75 and TGX221) (27) , in Lep ob/ob mice prior to intracerebroventricular butein application (n = 10) (Fig. 3B) fully blocked the ability of butein to improve glucose tolerance. The AUC of this group was identical to the group that received vehicle injections, whereas intracerebroventricular butein treatment without pretreatment with the PI3K inhibitors potently improved glucose tolerance (vehicle/butein vs. PI3K inhibitor/butein: P = 0.019; vehicle/butein vs. vehicle/ vehicle: P = 0.023).
Overexpression of IkBa-mt Attenuates DIO
The ARC represents a key brain region for neuronal control of energy and glucose homeostasis. To test whether NF-kBmediated inflammation in the ARC affects glucose and energy homeostasis, we inhibited NF-kB signaling via ARC-directed injection of 4 3 10 10 genomic units of either AAV2-IkBa-mt (n = 6) or a control AAV2 virus (n = 10) into 8-week-old wild-type mice. Neuron-specific expression of IkBa-mt mRNA was facilitated by the human synapsin-1 promoter to restrict the expression to neurons. After 12 days on standard chow diet, both groups of mice did not differ in body weight and were switched to HFD for 50 days (Fig. 4A) . Immediately after the shift to HFD, an elevation of the body weight trajectory occurred in both groups. However, the increase in body weight induced by the HFD was attenuated in AAV2-IkBa-mt mice compared with the mice that received the control virus. This effect became significant within 17 days after receiving the HFD and reached a plateau value of 10% less than the controls by day 38, which was sustained until the end of the study. DEXA analysis revealed a significant reduction of body fat mass (P = 0.027) (Fig. 4B) by ;35% of the AAV2-IkBa-mt group relative to the control cohort, whereas lean mass, bone mineral content (BMC), Figure 4 -Neuron-specific AAV2-mediated overexpression of IkBa-mt in the ARC attenuated DIO. A: Wild-type mice were stereotaxically injected into the bilateral halves of the ARC with 2 3 250 nL of AAV2 virus expressing IkBa-mt (n = 6) or EGFP as a control (n = 10). Shown are the body weight trajectories of AAV2-EGFP and AAV2-IkBa-mt mice maintained on a chow diet (ad libitum) for 12 days followed by 50 days on an HFD (ad libitum). DEXA scan analysis revealed that body fat mass declined after treatment with AAV2-IkBa-mt virus on HFD (B), whereas lean mass (C), BMD (D), and BMC (E) did not change relative to AAV2-EGFP controls. MS, metabolic measurements. Results are means 6 SEM. *P # 0.05. and bone mineral density (BMD) were unaltered ( Fig. 4C-E) by AAV overexpression of IkBa-mt in the ARC.
Overexpression of IkBa-mt Improves Glucose Homeostasis
Basal blood glucose levels were lower in the AAV2-IkBa-mt mice compared with the HFD controls (P = 0.033) (Fig. 5A) . To determine whether NF-kB signaling in the ARC alters neuronal control of glucose homoeostasis, we performed an IPGTT in these mice on the 48th day after viral injection. Viral overexpression of IkBa-mt in the ARC improved glucose tolerance in comparison with the controls (P = 0.011) (Fig. 5B) . Furthermore, the ITT revealed that the clearance rate of glucose was significantly increased in the AAV2-IkBa-mt mice relative to the AAV2-EGFP mice (P = 0.027) (Fig. 5C ).
Metabolic Measurements
The mediobasal hypothalamus regulates energy balance by adjusting food intake to meet the metabolic needs of the animal (3, (5) (6) (7) 9) . To explore whether ARC-directed IkBa overexpression alters metabolism, various metabolic markers were assessed. During the period of the metabolic measurements (day 33-34 after viral injection), no difference in food intake between AAV2-IkBa-mt (3.00 6 0.2 g/24 h) and AAV2-EGFP mice (2.92 6 0.09 g/24 h) could be detected (Fig. 6A) . The food intake measurements were restricted to the period of metabolic -Metabolic measurements. After 3 weeks of HFD, the metabolic measurements revealed that food intake (A) was not affected. Average metabolic rate (B) and energy expenditure (C) were increased in the AAV2-IkBa-mt mice compared with the AAV2-EGFP mice, whereas respiratory quotient (D) was unaltered. Mice overexpressing IkBa-mt in the ARC showed elevated RMR (E) and RMR per gram body weight (F) compared with vehicle-treated mice, whereas maximal oxygen consumption (VO 2 max) was not affected by this treatment (G). Results are means 6 SEM. *P # 0.05; **P # 0.01; ***P # 0.001. measurements due to the special caging system, which allowed accurate food intake measurement. High spillage rates seen in mice fed an HFD complicate longitudinal food intake measurements that require the long-term housing of mice in grid-bottomed cages, which can conflict with ethical concerns. However, average metabolic rate, measured as oxygen consumption, was increased by 13% in AAV2-IkBa-mt mice (90.2 6 4.5 mL O 2 h 21 ) relative to the AAV2-EGFP mice (79.5 6 2.7 mL O 2 h 21 , P = 0.049) (Fig. 6B) . Furthermore, daily energy expenditure in these mice was also elevated by 13% (43.3 6 2.2 kJ/g) relative to AAV2-EGFP controls (38.2 6 1.3 kJ/g, P = 0.049) (Fig. 6C) , whereas the respiratory quotient was not different between the groups (AAV2-IkBa-mt 0.84 6 0.008 vs. AAV2-EGFP 0.85 6 0.002) (Fig. 6D) . In addition, resting metabolic rate (RMR) was elevated in the AAV2-IkBa-mt group (70.5 6 2.4 mL O 2 h 21 ) relative to AAV2-EGFP controls (62.0 6 2.1 mL O 2 h
21
, P = 0.038) (Fig. 6E) , which corresponds to a 14% increase (Fig. 6E) . A correction for the influence of body weight by calculating the RMR per gram body weight revealed an increase in RMR of 27% in AAV2-IkBa-mt mice (2.3 6 0.07 mL O 2 g 21 h 21 ) relative to the AAV2-EGFP controls (1.8 6 0.06 mL O 2 g 21 h 21 , P = 0.006) (Fig. 6F) . To exclude the possibility that the detected metabolic changes are not secondarily based on altered activity between the groups, the maximal oxygen consumption was assessed. Complying with unaltered activity, the maximal oxygen consumption did not differ between AAV2-IkBa-mt mice (173.8 6 17.4 mL O 2 h 21 ) relative to the AAV2-EGFP control mice (153.1 6 8.8 mL O 2 h 21 ) (Fig. 6G) .
Arcuate Gene Expression of SOCS-3 Is Decreased in Response to ARC-Directed IkBa-mt Overexpression
To test whether ARC-directed AAV overexpression of IkBa-mt might alter leptin sensitivity on a molecular level, we investigated the expression of SOCS-3 as the most prominent inhibitor of leptin signaling (34, 35) . In situ hybridization analysis revealed that SOCS-3 mRNA was decreased by 35% in the ARC of AAV2-IkBa-mt mice relative to controls (P = 0.029) (Fig. 7) .
DISCUSSION
Obesity and related metabolic disorders are largely the result of overconsumption of energy-dense foods, which are high in sugar and long-chain saturated fats. DIO leads to insulin resistance, with numerous studies showing that both obesity and insulin resistance are related to the presence of a low-grade inflammatory state (36) . Some studies have shown that obesity is associated with inflammation in the hypothalamus (10) (11) (12) (13) (14) , the central regulator of whole-body energy and glucose homeostasis (3) (4) (5) (6) (7) (8) (9) . It appears that saturated fatty acids may directly activate toll-like receptor 4 (37), which subsequently leads to activation of the downstream JNK and IKKb/NF-kB cascade (13, 17, 38) . In particular, modulation of the IKKb/NF-kB pathway at the level of IKKb and the upstream adaptor regulatory protein MyD88 suggested that this cascade, once activated, induces diet-induced resistance to the adiposity signals leptin and insulin (14, 16) . Although accumulating evidence supports the hypothalamic inflammation theory, studies combining the use of nutritive agents in a pharmacological way and a genetherapeutic approach to functionally assess whether direct inhibition of this cascade leads to metabolic improvements are scarce. As an intervention strategy to combat experimental glucose intolerance in genetic and dietary mouse models of obesity, we identified the flavonoid butein as a potent glucose-lowering agent. The profound acute effects were also seen after chronic treatment. Butein treatment for 7 days led to a reduction in basal blood glucose levels and improved glucose tolerance relative to controls. The metabolic effect appears to be specific to glucose homeostasis since food intake and body weight were not affected by chronic butein treatment.
Dose-dependent enteral and intracerebroventricular application of butein profoundly improved glucose tolerance in Lep ob/ob mice, suggesting that the glucose-lowering effect of this substance is mediated via central signaling events. Indeed, within the ARC, where butein appeared to stabilize the protein IkBa, we identified activation of central insulin signaling as demonstrated by an increase in the number of cells positive for phospho-AKT (Ser 473 ), upon intracerebroventricular butein administration, which supports this hypothesis. In addition, the glucose-lowering properties of butein were completely blocked by central inhibition of the catalytic subunits p110a and p110b of PI3K, suggesting that this pathway is required for butein action in the brain. A related finding by Yu et al. (39) identified anti-inflammatory properties of tea saponins in the hypothalamus, supporting the idea that nutritive agents that reduce central inflammation can lead to improved metabolic function. The very potent glucose-lowering potential of butein is supported by the finding that HFD-induced glucose intolerance was reversed after intracerebroventricular butein administration.
Since the anti-inflammatory properties of butein are mediated via inhibition of the IKKb/NF-kB pathway (23), we tested the hypothesis that chronic gene-therapeutic inactivation of this cascade in neurons of the ARC might prevent HFD-induced metabolic derangements in mice. As a gene-therapeutic intervention, we overexpressed the regulatory molecule IkBa, which retains NF-kB in the cytoplasm. Constitutive binding of NF-kB to IkBa was facilitated by the generation of a mutant IkBa construct that cannot be phosphorylated by the upstream kinase IKKb due to exchange of the inhibitory phosphorylation sites serine 32 and serine 36 to alanine. Potential adverse effects caused by viral-induced inflammation were circumvented by the use of AAV2, which does not cause adverse local immune responses in comparison with, for example, adenovirus (40, 41) . A study performed by Zhang et al. (14) has comprehensively assessed the role of the IKKb/ NF-kB pathway in the control of energy metabolism by elegantly combining central gene knockout and adenoviral manipulation of this pathway. The current study extends these data by specifically focusing on assessing the role of IkBa in metabolic control. Indeed, ARC-directed overexpression of IkBa-mt partially protected from HFDinduced weight gain, which was exclusively caused by a reduction in body fat mass, without changes in body lean mass, BMC, and BMD. The observed reduction in body weight gain in our study was similar to the body weight-lowering effect of an injection of the dominantnegative lentiviral vector into the mediobasal hypothalamus to inhibit IKKb (14) . Notably, parallel to the effects of butein, chronic inactivation of the NF-kB pathway in the ARC also improved glucose tolerance and additionally led to a reduction in basal blood glucose levels, confirming the therapeutic glucose-lowering potential of central IKKb/NF-kB pathway inhibition. Although systemic low-grade inflammation involving the IKKb/NF-kB cascade is also associated with high-fat feeding, blockade of this pathway exclusively in neurons of the ARC is sufficient to ameliorate HFD-induced glucose and insulin intolerance, confirming the central role of this brain region in regulating whole-body glucose homeostasis.
The metabolic measurements revealed no difference in food intake between the AAV2-IkBa-mt and AAV2-EGPF mice, as measured during metabolic monitoring. However, because food intake was only measured for a short period, we cannot exclude the possibility that the viral treatment influenced the total food intake profile of these mice over the longer time course of the treatment. We hypothesized, however, that the catabolic effect of IkBa-mt overexpression was assigned to an increase in energy expenditure. Indeed, average metabolic rate, measured as oxygen consumption, and energy expenditure were increased in the AAV2-IkBa-mt mice relative to the AAV2-EGPF mice. The respiratory quotient was unaltered between both groups, suggesting that the observed effects are not based on different substrate utilization. To distinguish whether the increased energy expenditure is due to an elevated basal energy requirement or altered physical activity, we measured RMR and maximal oxygen consumption. Whereas ARC-directed overexpression of IkBa-mt led to a marked increase in RMR, maximal oxygen consumption was unaltered, suggesting a selective elevation in basal energy requirement by blockade of the NF-kB pathway in the ARC, without changing physical activity. The ARC-directed IkBa-mt overexpression, which was restricted to neurons, led to the profound metabolic alterations. This suggests that neuronal inflammation, involving the IKKb/NF-kB pathway, contributes to the development of DIO-induced metabolic syndrome. However, whether IKKb/NF-kB signaling in different neuron populations, within the ARC, differentially alters glucose and energy metabolism remains to be identified in future studies.
Despite growing evidence that hypothalamic inflammation is involved in the pathogenesis of type 2 diabetes, the underlying mechanism of how local inflammation affects glucose metabolism is incompletely understood. An emerging role of the parasympathetic signals, delivered by the vagus nerve, has been suggested (42) . Specifically, chronic endoplasmic reticulum stress that affects hypothalamic neuroendocrine pathways controlling energy metabolism has been suggested as a mediator of sympathetic disorders involved in conveying insulin resistance (20) .
An important glucose-lowering hormone that sensitizes insulin action in the mediobasal hypothalamus is leptin (26, (43) (44) (45) (46) . Some of the glucose-lowering effects of butein were similar to leptin. For instance, we recently showed that leptin exhibits a potent acute glucose-lowering capacity in Lep ob/ob mice, which was associated with increasing the number of pAKT immunoreactive cells in the ARC, thereby sensitizing insulin action (26) . It is conceivable that diet-induced hypothalamic inflammation leads to relative leptin insensitivity, involving NF-kB-mediated transcription of the most prominent leptin inhibitor, SOCS-3 (34, 35) , which is a target gene regulated by this transcription factor (14) . Inhibition of IKKb/NF-kB signaling in the ARC was associated with a reduction of SOCS-3 expression in this nucleus. As SOCS-3 is a negative regulator of leptin signaling, these data are consistent with the hypothesis that leptin signal transduction will be enhanced. This, together with the fact that leptin increases energy expenditure and oxygen consumption (47) , supports the speculation that the catabolic actions of this metabolic manipulation might be mediated by restoration of leptin sensitivity, despite ongoing high-fat feeding. Based on our previous data showing that enhanced leptin signaling in the hypothalamus leads to increased hypothalamic responses to insulin (26), we speculate that by restoring leptin signaling, ARC-directed overexpression of IkBa might enhance insulin sensitivity in the hypothalamus and hence improve glucose tolerance (by the same mechanism induced by inhibition of IKKb by butein). Future studies focusing on the possible restoration of leptin signaling by inhibition of hypothalamic inflammation and its consequence for reinstating insulin sensitivity are urgently required to provide evidence for this hypothesis.
Taken together, combining nutritive and gene-therapeutic inhibition of the central IKKb/NF-kB pathway, our data strongly support the hypothalamic inflammation theory and might provide novel tools to combat HFD-induced metabolic disorders.
